Characterizing Exoplanets
- a view from Baltimore

Matt Mountain
Space Telescope Science Institute & JHU

Friday, 12 June 2009



science is compelling
‘technology IS here

Edited by ,
PR. Lawson, W.A. Traub and S.C. Unwin

Friday, 12 June 2009



Op m ‘p: B ‘ ‘”; .
!I | e e
w i
- " I' || I
.y

- Thescienceis
The technology IS here

Introduction:

It is ironic that what is arguably the most compelling subject in astronomy—the search for
other worlds and other life beyond our Solar System—emerges only now, in the 21st
Century. Four centuries of discovery have brought us a remarkable understanding of the
birth and evolution of stars, the history of galaxies, and even cosmology—the development
of the entire universe, but now it seems that the first shall be last. Not for a lack of

imagination or motivation, but simply for the want of technology, our oldest and deepest
questions, the ones most relevant to our own origins and fate, have remained beyond our
grasp for thousands of years.

We are indeed fortunate to live in the time when this last barrier to our search is falling. It
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IS the technology here ?

By 2020 “pale blue dots™ will be necessary but not
sufficient scientific motivation we will need spectra
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IS the technology here ?

Coronagraph Free flying star-shade

Trauger & Traub Nature Letters, April 2007 Cash, Soummer, various, 2008, Leviton et al. 2007; Schindhelm et al. 2007

Starlight suppression -« -~ (-'°

)
is a solvable problem 111y NioEie=
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IS the technology here ?

Coronagraph Free flying star-shade

Raw PSF contrast for perfect 30m groundbased

<10-7 telescope and Ex-AQO system observing at 760nm
(derived from Guyon 2005I)

Trauger & Traub Nature Letters, April 2007
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Observable Drake Equation - after Reid & Hawley

N_t is the number of life bearing planets at time T

Ny =N-rp,ngpy P,

Number of stars @ T: N. = SRF(t) "F(m) *A(m,1)
Prob. of planet system: p, =f(£Z, m)
No. of terrestrial planets ne =n (0. 1m,<m,< 10 m,)
Prob. of liquid water Puw = Nb, €, Tomit, L+)

Prob. of life
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Transit Spectra of a Habitable

Model C1: Medium Ocean Planet
JWST, NIRSpec, 10 transits, 28 hours
M3V, J=8, B,=29 day, t=1.4 hours
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J\JVST may detect water

Gliese 581 (M3V, J]=6.7)

b: 5.4 days, 15.6 Mg
c: 12.9 days, 5.1 Mg
d: 83.4 days, 8.3 Mg

Find one that transits...
6000 M dwarfs with J<10
Habitable — 11% transit
Up to 70 transits for I<10




Transit Spectra of a Habitable
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J\}VST may detegt.water

Model C1: Medium Ocean Planet Gliese 581 (M 3V, J=67)

JWST, NIRSpec, 10 transits, 28 hours
M3V, J=8, P,=29 day, 1=1.4 hours b: 5.4 days, 15.6 Mg
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Find one that transits...
6000 M dwarfs with J<10

Habitable — 11% transit

Up to 70 transits for 1<10
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136 most favorable nearby stars for HZ planets

how big a space
telescope do we need to
solve the

N 7= Ns1PpNe Py P

Number of stars @ T-: N. = SRF(t) "F(m) *A(m,1)
Prob. of planet system: P, =f(£Z, m)

No. of terrestrial planets ne =n (0. 1my<m,< 10 m,)
Prob. of liquid water Py = f( Np, € Fomity L+)

A,
NL,T — N*, Observed M earth - pl
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We know where all the stars are
- how many could we search for earths !

Number of FGK stars for which
SNR=10, R=70 spectrum of Earth-
twin could be obtained in <500 ksec

Green bars show the number of FGK stars | 1000- S

that could be observed 3x each in a 5-year I
mission without exceeding 20% of total —(
observing time available to community.

100

- | Need to multiply these values by Mg, X f5
- | to get the number of potentially life-bearing | 49—
planets detected by a space telescope.

Neann = fraction of stars with Earth-mass planets in HZ
fy = fraction of the Earth-mass planets that have
detectable biosignatures
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Credit: Web Cash 2008

Characterizing Exoplanets from Space
|.5m 2.4m | Om

4m

Above: a simulation of our solar system at a distance of 10 pc observed with an external occulter
and a telescope with the indicated aperture size. The two planets are Earth and Venus.

characterizing, and discriminating terrestrial scale planets
from their parent star
requires aperture and angular resolution

Courtesy ATLAST Team
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136 most favorable nearby étars for HZ planets
how big a space
telescope do we need

to solve the Observable
Drake Equation?

. 3
NL,t D1e1° M eartn - P1L

If: ; ~ 1 then Dy~ 4m
<1 then D, ~ 8m
<< 1 then D, ~ 16m

(assuming fixed zodiacal contribution)
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cost does follow a fixed scaling relation with
aperture as technology or architecture advance

$10,000
® Ground-based

® Space-based
s 2.7 Cost Curve (Ground)
=D 2.7 Cost Curve (Space)
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for example

HST 2.4m JWST 6.5m . 8m~lém LST

-

¥,

Fully e and
adapt ontrol
Gemini &

P VLT 8m
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pathways to a large UVOIR space telescope

If Ares V is built by 2019 ...

8-m monolithic 16-m segmented
mirror Telescope and/or mirror Telescope
in ~2025 in ~2030+
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The science is compelling

“Four hundred years after Galileo’s discoveries via
the first astronomical use of the telescope, the
world’s astronomers are once again using powerful
new instrumentation to make startling discoveries of
and about new planets, quite literally other worlds,

wh|ch promlse to once agaln transform our
\derstanding of the nature of the Earth and of
IJ're S and numgmlty S places in the cosmos.
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however...summary of |32 science
white papers submitted to Astro2010
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Courtesy of hitp://www.wordle.net/, IBM Research media communications lab. - uniform use of “Exo-planets”
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the most productive “Flagships’ have broad
community participation hence support

must® refereed papers/year

Keck

VLT
Chandra™

11999 2000 2001 2002 2003 2004 2005 2006 2007
Year

0
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observational astrophysics need flagships

5|gna| Telesco_pe Diameter i /QEx
& Ngjse Oimage size B,

QE = detector quantum efficiency ~ 100%

B = sky, telescope background  ~ low in space

Image size, over large FOV ~ small in space

Observational astrophysics remains a
photon limited science and hence there is a
compelling case for large aperture UV,

Optical & Near-infrared telescopes in space
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aperture growth driven by science, technological maturity
but also by philanthropy, science and/or industrial policy....

100
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flagship cost and ‘expectations’
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huge competition for the few slots in the

Friday, 12 June 2009






-
2 = I'."'- '

-

07

I__I
-

HST Archive Users 2007

Friday, 12 June 2009



June 15,2020

Special Issue

11

We are not

NASA’s Telescope
Discovers First Earth-like Planet

www. time.com
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ts first

planet outside our solar

system

Images |

Hubble

STScl-PRCO8-39a

Fomalhaut b Planet
™~
%
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Hubble Space Telescope « ACS/HRC

NASA, ESA, and P. Kalas (University of California, Berkeley)

_ Fomalhaut System
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example: early evolution of
proto-planetary disks

Simulated ALMA 900 GHz images of protoplanetary disk at distance of 50 pc (Wolf & Klahr Ap], 2002)

From Marc Postman
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Multi-wavelength Angular Resolution
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Seeirel MElRe Demariris Figure derived from ExoPTF (Lunine et al. 2008)
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“modern” galaxy evolution

0.75 arc-seconds

HST 2.4-m,
t~900 ksec

8-m LST,
t=~25ksec

Courtesy ATLAST Tieam
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time gain factor

8-m ST vs. 30-m Ground-based+AO in NIR 16-m ST vs. 30-m Ground-based+AO in NIR

11000

w@=R=5 m=30

QO R=100, m=28
w@=R=2000, m=26.5
we= R =20000, m=24
= Equal Times

10000 w@=R=5 m=30

O R=100, m=28
w@=R=2000, m=26.5
wl@= R =20000, m=24
s Equal Times

-
o

-_—

8m/30m Exposure Time Gain Factor
RELATIVE EXPOSURE SPEED TO S/N=10

o
BN

1500 2000 1500 2000

Wavelength (nm) Wavelength (nm)

8-m ST faster than 30-m on ground for all |6-m ST faster than 30-m on ground for all imaging
imaging and for most R=100 low-res and spectroscopy except when R > few x 1000 in the
spectroscopy. 8-m also faster for med- NIR. Unique parameter space for hi-res spectroscopy
resolution spectroscopy in optical band. in optical band.
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Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years
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Space Science has always built on investments
made “elsewhere”

HEADLINE NEWS

Advanced KH-11 Broadens
U.S. Recon Capability

-
__-/‘ ~WRAR PANLLY AN e DATA B L ar Do
- / J

Cna anchyst’s concept for an advonced K- 11 hon | 855040 error 0ad
wing ke arrays, s contraat fo Hubble ke omays of earfiest KH 1 1

24 AVRATION WEER & SPACE THEHNOLODGY TANUARY & 1w

The two main contractors that built the telescope had allegedly extensive
experience building this kind of spacecraft - but not much is known publicly
about these programs.
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Space Science has always built on investments
made “elsewhere”

“How [have] we in astronomy
o come so far! ... By standing
Advanced KH-11 Broadens on the shoulders of military/
U.S. Recon Capability industrial giants. ... These
= e larger scale efforts have been
central to our success. ...
Where military or industrial

WA AN PN ' 149 MTA B Lar oo

support did not exist and we
had to go ahead on our own,
progress has been much
slower.”

Martin Harwit,
On.nr-dy\l'c m.p‘hn-‘ odvonced KM 11 hen 185504y, enrror oad
wing like orrays, i contrast fo Hubble ke omays of earbest KH-1 1 March I 999

A AVRATION WEER A SIACE T MNOLDGY IANUARY & 1

The two main contractors that built the telescope had allegc—————"
experience building this kind of spacecraft - but not much is known publicly
about these programs.
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Large space based technologies rely on,and can enable

136 most favorable nearby stars
for habitable planets

"l would like to see a
reconnaissance of the
planetary systems
around the nearest 100
stars.”

Space-Based Solar Power
As an Opportunity for Strategic Security

Phase o Architecture Feasibility Study

Carl Sagan, 1994
(paraphrase)

Report to the Director, National Security Space Office
im Assessment

National & Environmental

/
Saciiity Energy Are we alone!



Observable Drake Equation - after Reid & Hawley

N_t Is the number of life bearing planets at time T

N 7= Ns1PpNe Py P2 PePs

Observable?

Number of stars @ T-: N. = SRF() *¥(m) *A(m,1) v
Prob. of planet system: P, =f(£Z, m) v
No. of terrestrial planets ne =n (0.1m,<m,< 10 m,) v
Prob. of liquid water Pw =/ Ny, € Fopit, L+) v
Prob. of abiogenesis p.=f(?) ?
Prob. of evolution p.=f(t, Z, T) v
Prob. of survival ps = f(t, environment) v

courtesy Nelll Reid
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Components of the Observable Drake
Equation

courtesy Nelll Reid




Components of the Observable Drake
Equation

y
Cosmology, _
Galaxy Fundamental o )
. Origin of life
formation and Physics & Chemistry 9
evolution
Interstellar chemistry 2o | _".
e
Star formation, Molecular interactions Biological
planet formation .S Evolution
ec“a“
c«
geet®
Planetary %
evolution, Environmental B
geophysics, Feedback e
' climate \ A "=
~ Are we Alone? ' Is life sustainable? g
~inig

courtesy Neill Reid
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Roadmap from “Exoplanet Community Report”
- Ed.by P.R. Lawson,W.A.Traub and S. C. Unwin

2>-10 yrs

Indirect Detection Programs
(Ground-based advanced RV - Space astrometry)

Probe-5Size mission
Exozodis, planetary systems
characterization

Space

Flagship mission
Potentially habitable Earth-size planets

Near space: rockets/balloons/Low orbit
a few exozodis and giant planets

near space

10m class planet finders
Young EPGs and disks

Ground based GSMT ExAO
Very young, reflected light EGPs, disks

Note: boxes start with beginning of mission development

Figure 3-4. Range of relevant mission scales for direct imaging to enable a complete scientific and technological
program. (R. Soummer, Space Telescope Science Institute, and M. Levine, |PL)
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Roadmap from “Exoplanet Community Report”
- Ed.by P.R. Lawson,W.A.Traub and S. C. Unwin

2>-10 yrs

Indirect Detection Programs
(Ground-based advanced RV - Space astrometry)

JWST + starshade

Space

8m ~ 16m ATLAST

Near space: rockets/balloons/Low orbit
a few exozodis and giant planets

o
]
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=1
]
=
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=4
-

10m class planet finders
Young EPGs and disks

Ground based GSMT ExAO
Very young, reflected light EGPs, disks

Note: boxes start with beginning of mission development

Figure 3-4. Range of relevant mission scales for direct imaging to enable a complete scientific and technological
program. (R. Soummer, Space Telescope Science Institute, and M. Levine, |PL)
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JWST with star-shade

a<+—FEarth

residual light

* Tests a key technology

\

Exozodiacal disk

(kuchner’s zodipic code) o Measures ZOdiacaI Iight

Sun at 10pc with Earth le-10 contrast,
JWST’s pupil and OPD

e Can undertake
|  spectroscopy of Jupiter's and
“super-earths”

* Has the potential to deliver
the first “pale blue dot”

NIRCam image ~ 10° s

courtesy Remi Soummer, STScl



The Challenge

“Incrementalism is innovation’s
worst enemy. We don’t want

continuous improvement, we want
radical change.”
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within the next decade or so,
we will have the capability to
search for the signatures of life
in our solar neighborhood.

we need to build a broad
collation to support this
endeavor, then our generation
wiII be uniquely positioned
to relate causally the physical
onditions c J.er:J the big _).m'J |
the dev Io,Jme Nt of RINA

d [DINA*

Friday, 12 June 2009



Friday, 12 June 2009



NASA priorities in the next decade

The Station

The Planet

Everything else...
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NASA priorities in the next decade

The “Gap”

The Station

The Planet

To inspire the Nation
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